A highly emissive bis(phosphine)diarylamido dinuclear copper(I) complex (quantum yield ) 57%) was shown to exhibit E-type delayed fluorescence by variable temperature emission spectroscopy and photoluminescence decay measurement of doped vapor-deposited films. The lowest energy singlet and triplet excited states were assigned as charge transfer states on the basis of theoretical calculations and the small observed S 1 -T 1 energy gap. Vapor-deposited OLEDs doped with the complex in the emissive layer gave a maximum external quantum efficiency of 16.1%, demonstrating that triplet excitons can be harvested very efficiently through the delayed fluorescence channel. The function of the emissive dopant in OLEDs was further probed by several physical methods, including electrically detected EPR, cyclic voltammetry, and photoluminescence in the presence of applied current.
Introduction
Since the pioneering work on organic light-emitting diodes (OLEDs) comprising amorphous thin films by scientists at Eastman Kodak Company, 1,2 the technology has been vigorously pursued for application in flat-panel displays and energy-efficient lighting.
3 To achieve the maximum device efficiency, luminescent materials capable of converting the formally spin-forbidden triplet excitons as well as singlet excitons into useful light output are needed. Phosphorescent complexes of heavy atoms that possess large spin-orbit coupling interactions can overcome the spin-forbidden nature of the triplet to singlet ground state transition. 4 Presently, the leading candidates appear to be cyclometalated iridium(III) complexes, of which tris(2-phenylpyridinato-N C 2′ -)iridium(III), Ir(ppy) 3 , is the prototype.
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Devices doped with Ir complexes have been reported to have external quantum efficiencies (EQE, photons per electron) in the range of 20-29% with no optical outcoupling enhancements. [10] [11] [12] [13] [14] To our knowledge, there have been no reports of OLEDs containing complexes of common metals as emitters that produce such high efficiencies, despite the cost and supply advantages that common metals would offer.
The luminescence behavior of copper(I) complexes is rich, [15] [16] [17] but quantum yields are usually low. two independent emissions with different decay times. [18] [19] [20] [21] These observations have been interpreted with a model in which emission arises from two triplet states that do not readily interconvertbecausetheyarisefromdifferentorbitalparentages. [18] [19] [20] [21] In contrast, Kirchhoff et al. 22 concluded from the temperature dependence of emission from Cu(dmp) 2 + (dmp ) 2,9-dimethyl-1,10-phenanthroline) that it arises from two excited states that interconvert readily by intersystem crossing: a triplet and a singlet in thermal equilibrium. Through addition of steric groups to hinder distortions in the excited states, the luminescence quantum yields of Cu(I) phenanthroline complexes were increased up to 16%. [23] [24] [25] [26] [27] [28] In 2005, Harkins and Peters reported the highly emissive complex bis(bis(diisobutylphenylphosphino)amido) dicopper(I), [Cu(PNP)] 2 , having a solution quantum yield (68%) and long lifetime (10.2 µs) that are unprecedented among copper(I) complexes. 29 These physical properties make this an interesting new class of compounds to explore in OLEDs for display and lighting applications. A key feature of these emissive dicopper complexes that likely contributes to their favorable emission properties concerns low overall structural reorganization between their ground and emissive excited states. Strong covalency in the Cu 2 N 2 core that houses a redox active molecular orbital (RAMO) can provide a mechanism for transferring charge from the dicopper(I) ground state to a structurally similar emissive excited state, as modeled by comparing the dicopper(I) ground state geometric and electronic structure to its one-and even two-electron oxidized ground state structures. 30 While less thoroughly studied, mononuclear copper(I) complexes having phosphinoamido ligands were reported by Miller et al. that possess similar quantum yields and lifetimes, likely for similar reasons. 31 The long lifetimes of these new dicopper (and monocopper) emitters appear to be suggestive of phosphorescent emission from a triplet state. However, anomalously small Stokes shifts stand in contrast to this suggestion. We now show that the room temperature emission of a close analogue of the originally communicated dicopper emitter, [Cu(PNPt Bu)] 2 (Scheme 1), is dominated by E-type (thermally activated) delayed fluorescence. To the best of our knowledge, this complex possesses the highest solution quantum yield of any system that luminesces via the E-type delayed fluorescence mechanism. The material is thermally stable and sublimable, unlike many emissive copper(I) complexes, and thus is not limited to solution processing, but can also be vapor-deposited. We have thereby been able to demonstrate the use of this material to harvest singlet and triplet excitons in vapor-deposited OLEDs via the delayed fluorescence channel. The maximum EQE of 16.1% was substantially higher than any other reported value we know for OLEDs employing emitters other than complexes of the platinum group metals such as iridium. In addition, mechanistic aspects of the doped devices have been probed by electrically detected electron paramagnetic resonance (EDEPR), cyclic voltammetry (CV), and photoluminescence (PL) in the presence of applied current.
Experimental Section
[Cu(PNPt Bu)] 2 was synthesized by the published procedure. 30 The methods and instrumentation used for the following measurements and procedures were described previously in the references cited: vapor pressures, 32 solution quantum yield and decay time, 29 prompt and delayed emission spectra, 32 vapor-deposited films and OLED fabrication and evaluation, 32 cyclic voltammetery, 33 and electrically detected electron paramagnetic resonance.
11,34 Steadystate emission spectra of vapor-deposited films were recorded as previously described, 35 except the excitation source was the 458 nm line of an Ar ion laser, while the excitation spectra were recorded using a xenon arc lamp source and Cary-14 monochromator. Luminescence decay at variable temperatures was obtained as previously described, 35 except the excitation source was a coumarin-450 dye laser pumped by a YAG laser and tuned to 460 nm.
Density functional theory (DFT) calculations were performed on [Cu(PNPt Bu)] 2 using the B3LYP 36, 37 method. The ground state geometry and orbitals were calculated using the Jaguar 38 program with the MIDI! 39 basis set on H, C, N, and P atoms and the LACV3P 38,40 basis set and pseudopotential on the Cu atoms. Timedependent density functional theory (TD-DFT) [41] [42] [43] was used on this geometry to calculate the excited state orbital character using the B3LYP method with the MIDI! basis set on H, C, N, and P atoms and with the LANL2DZ 40,44,45 basis set and pseudopotential on the Cu atoms. The TD-DFT calculations were done with Gaussian03.
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Host and transport materials used in the fabrication of devices were synthesized at Eastman Kodak Company or were purchased commercially.
The electroluminescence (EL) spectrum of an OLED at 77 K was obtained by placing the OLED horizontally in a wide-mouth dewar flask, positioning an optical fiber over the emissive area, and immersing in liquid nitrogen. The optical fiber led to a diode array spectrophotometer, and the spectrum was recorded after the boiling of the liquid nitrogen had subsided.
Excitation light for PL of devices was provided by a 300 W xenon arc lamp, an Oriel Cornerstone 260 1/4 m monochromator, and a 450 nm bandpass filter and focused onto an OLED at 45°r elative to the device plane. The luminescence perpendicular to the device plane was recorded through an appropriate Corning longpass filter using a PhotoResearch PR650 Spectrascan Colorimeter. Current was applied to the OLED using a Keithley constant current source while the PL or simultaneous PL and EL, if any, was measured. 32, 47 and is shown in Figure 1 compared to that of Ir(ppy) 3 . The enthalpy and entropy of sublimation for the median temperature of measurement (∆ sub H m and ∆ sub S m , respectively) were calculated from a linear fit to the experimental data using the integrated form of the Clausius-Clayperon, eq 1 (P 0 ) 1 atm, R ) gas constant). The values are listed in No weak absorptions that could be assigned to spin-forbidden triplet states are seen in the present spectrum, indicating that those triplet absorptions either are not resolved from the singlet absorption or are too weak to be detected at this concentration. The luminescence decay time is similar to that of triplet state emission in heavy atom complexes, such as cyclometalated Pt(II) complexes, in which strong spin-orbit coupling interactions enable rapid singlet-triplet intersystem crossing as well as intensity from the otherwise spin-forbidden phosphorescence. 48, 49 However, the apparent Stokes shift of the [Cu(PNPt Bu)] 2 emission appears to be too small for a triplet emission given that the triplet state is always lower than the corresponding singlet state observed in the absorption.
Results and Discussion

Sublimation
To better understand the nature of the emitting state(s), the temperature dependence of the emission was examined. To avoid complication by any solvent phase change, the complex was doped into evaporated amorphous films for these studies. Through experimentation with several hosts, 1,1-bis(4-(N,N-dip-tolylamino)phenyl)cyclohexane (TAPC) was selected as an inert host material for the evaporated films to avoid crystallization of the films. A 200 Å undoped layer of TAPC was first deposited onto a quartz disk, followed by 2000 Å of TAPC doped with 1% [Cu(PNPt Bu)] 2 , and finally an 800 Å capping layer of undoped TAPC.
Excitation and emission spectra of the doped film at 295 and 100 K are shown in Figure 2b . The excitation spectra correspond closely to the low energy portion of the solution absorption spectrum, and the two overlapping bands are more clearly resolved. (Only the low energy portion of the excitation spectrum was recorded to avoid host absorption and possible photochemical degradation.) The emission spectra gradually shifted to a longer wavelength as the temperature was lowered as far as 100 K, below which no further shift was observed. ln( The excitation spectra, however, did not shift with temperature. Therefore, the emission bands observed at room temperature and low temperature arise from two excited states belonging to the same complex. The higher energy emission band observed at room temperature crosses over the excitation spectrum, while the lower energy band observed at low temperature has a larger apparent Stokes shift. The energy separation between the two emission bands was roughly estimated to be 740 cm -1 from the emission energies at the points on the high energy side of each band at which the intensity was 25% of the intensity at the respective peak maximum. The energy spacing between the two bands is much larger than may reasonably be attributed to a zero-field splitting (ZFS) among sublevels of a triplet state in view of the known values for a large number of transition metal complexes.
4 Therefore, the two bands arise from two different states.
To test whether the two emitting states were independent or in thermal equilibrium, time-gated spectra and decay times at different wavelengths were measured at various temperatures from 295 down to 65 K. Time-resolved spectra were acquired over a 900 µs integration period for delays of 0 (prompt) or 200 µs (delayed) after the excitation pulse. The prompt and delayed spectra at 295 K showed no difference in band shape (Figure 3a) . A narrowing of the band shape was observed in the delayed spectra at lower temperatures, including intermediate temperatures where both emission bands contribute significantly as well as still lower temperatures at which only the lowest energy band contributes. This is exemplified by the prompt and delayed spectra at 100 K shown in Figure 3b . The apparent shift in peak wavelength is small relative to the energy difference between the high-and low-temperature emission bands and does not appear to be related, as it is also observed at temperatures at which the high-energy emission band is frozen out. There is no indication that the high-and low-temperature emission bands are resolved in time at intermediate temperatures where both contribute strongly. Decay times were measured with detection at wavelengths spanning the emission envelope of both states (500, 510, 520, 530, and 540 nm) at various temperatures. No significant difference in decay time was obtained for different wavelengths at a given temperature, particularly temperatures where both high-and low-temperature bands contribute strongly. Evidently the shift in the time-gated spectra as seen in Figure  3b is small enough that no significant change in decay rate was observed as a function of detecting wavelength. The above sets of experiments indicate that the two excited states responsible for the high-and low-temperature emission bands are in thermal equilibrium on the time scale of the experiment. Therefore, the temperature dependence of the luminescence decay rate may be analyzed as a Boltzmann average decay rate of the two emitting states (Vide infra), at least down to the lowest temperature (65 K) for which the time-resolved spectra and decay times were compared.
To increase the signal for additional decay measurements, a second coating on quartz was prepared in which the thickness of the doped layer was increased to 10 000 Å and the concentration of [Cu(PNPt Bu)] 2 was increased to 1.5%. This sample was capped with a 200 Å layer of undoped TAPC and was covered with a protective coating of Al.
The observed decay time (τ obs ) for detection at 520 nm is shown as a function of temperature in Figure 4a . Single exponential decays were obtained at temperatures from 295 down to ∼30 K, but below 30 K, the decay was not single exponential. The decay appeared to be nearly single exponential again at temperatures of 4.2 and 2 K where the sample was immersed in liquid helium. Decay times that fit the longer time portion of each decay below 30 K, which accounted for most of the integrated intensity, were selected for inclusion in Figure  4a . Local heating by the laser was checked as a possible cause of the nonsingle exponential decay below 30 K by reducing the power of the laser probe, but no change in the decay could be discerned before signal intensity became too weak.
As indicated in Figure 4a , the variation in decay time over the entire temperature range was reversible, indicating that no sample degradation or photochemistry was affecting the decay results. The decay time at room temperature, 11.3 µs, agreed well with the value measured in solution and that originally reported for [Cu(PNP)] 2 in cyclohexane solution. 29 As the temperature was lowered, the decay time lengthened to a maximum value of 336 µs at 80 K. There was nearly a plateau in decay time over the temperature range of approximately 60 to 110 K before the decay time shortened again as the temperature was lowered further. The decay time at 4.2 K was 124 µs, while in two measurements at 2 and 1.8 K the same value of 101 µs was recorded.
The value of 336 µs for the decay time at 80 K where only the lower energy emission band contributes clearly shows that this band arises from a triplet state. A likely assignment for the higher energy emission band based on its substantial overlap with the first absorption band and its small Stokes shift (∼2070 cm -1 ) is that it originates from the lowest singlet excited state when it is thermally populated. An energy level diagram according to the initial hypothesis of the lowest triplet and singlet states both contributing to the emission is shown in Figure 4b . As illustrated, emission may occur from each of the three sublevels of the triplet state and from the singlet state.
The observed decay rate (k obs ) 1/τ obs ) for such a two-state system in thermal equilibrium may be described as a Boltzmann average by eq 2:
The decay rates of the individual sublevels of the triplet system are k I , k II , and k III , respectively; k S is the decay rate for the singlet state, while k is the Boltzmann constant. ∆E II , ∆E III , and ∆E S are the energies of the second triplet sublevel, the third triplet sublevel, and the singlet state, respectively, above the energy of the lowest triplet sublevel. Each decay rate in eq 2 is the sum of the respective radiative and nonradiative decay rates (k r and k nr , respectively). Radiative decay rates for each state or sublevel may be assumed to be temperature independent, but nonradiative decay rates may depend on temperature. An equation analogous to eq 2 may be written for the radiative decay rate of the two-state system. The overall radiative decay rate at each temperature may in principle be determined experimentally from the product of k obs and the quantum yield at each temperature because the quantum yield by definition is k r /(k r + k nr ). In this manner, Kirchhoff et al. 22 analyzed the radiatiVe decay rates of the Cu(dmp) 2 + complex having a relatively low quantum yield that was sensitive to temperature. But obserVed decay rates for triplet emission of Pt(2-thienylpyridine) 2 50 and Ir(ppy) 3 51 were analyzed using eq 2, except of course for omission of the singlet terms. For [Cu(PNPt Bu)] 2 , the approximation that nonradiative decay rates of the singlet state and the triplet sublevels are constant with temperature is reasonable because quantum yield is already fairly high at 295 K and emission intensity at 100 K appears comparable to that at 295 K (Figure 2b) . Therefore, the observed decay rates were analyzed using eq 2.
At temperatures where thermal energy is much larger than the triplet ZFS (kT . ∆E III ), eq 2 simplifies to eq 3 where k ave
The observed decay rates at 80 to 295 K were fit to eq 3 by varying k ave , k S , and ∆E S . An excellent fit ( Figure 5) , and ∆E S ) 786 cm
experimental data was obtained with values of k ave ) 2913 ( 75 s -1 , k S ) (1.27 ( 0.09) × 10 7 s -1 , and ∆E S ) 786 ( 11 cm -1 . The value of ∆E S from the fit agrees well with the estimate from the energy difference between the high-and lowtemperature emission bands noted above (740 cm -1 ). The quantum yield in the solid film may be assumed to be the same as that in solution (57%) because the decay times in the film and in solution were almost the same. This leads to an estimate of 1.66 × 10 3 s -1 for the average radiative decay rate of the triplet state and 7.24 × 10 6 s -1 for the singlet state. For comparison, Kirchhoff and co-workers deduced from variable temperature solution studies of the Cu(dmp) 2 + complex that two excited states, one triplet and one singlet, are also involved in its emission. 22 The radiative decay rate constants for the triplet and singlet in that complex were estimated to be 1 × 10 3 and 2 × 10 7 s -1 , respectively. Using ultrafast techniques, Siddique et al. 52 determined a radiative rate constant of 2 × 10 6 for the prompt emission of Cu(dmp) 2 + , although it was noted that this value could be lower than that determined by Kirchoff et al. due to intersystem crossing to the triplet state. Siddique et al. 52 assigned the prompt emission as a singlet on the basis of the radiative decay rate being >10 6 . As a reviewer pointed out, obtaining a fit to the Boltzmann expression, eq 3, does not distinguish whether the upper excited state is a singlet or a second triplet. The radiative decay rate determined here for the upper excited state in [Cu(PNPt Bu)] 2 indicates it is a singlet. In addition, the singlet assignment may be made because the emission at room temperature crosses over the first absorption band so deeply and that absorption was assigned to a singlet excited state based on its extinction. For a triplet to have such a large radiative decay rate as determined for the upper excited state, or to have such a large extinction for ground state absorption, it would have to have an extraordinary degree of mixing with a singlet state having greater oscillator strength in its transition to or from the ground state. For a first row metal complex, this would require such a singlet state to be very near in energy to the triplet. In the absorption spectrum, there does not appear to be a more intense absorption band very close to the first absorption band, and so that band is assigned as a singlet, not as a triplet borrowing intensity from a nearby singlet. As mentioned in regard to certain other emissive copper(I) complexes, 26 there is still a possibility that a second triplet could contribute to the emission at high temperature in addition to the main contribution from the singlet excited state.
At very low temperatures where kT is no longer large relative to the triplet ZFS, the upper triplet sublevels should begin to be depopulated, resulting in further change to the Boltzmann average decay rate. However, varying the decay rate and energy spacings for the individual triplet sublevels in eq 2 did not give a physically meaningful fit to the observed increase in decay rate as the temperature was lowered from 60 to 2 K. As noted above, the decay was not single exponential below ∼30 K. The assumption of thermal equilibrium as the basis for eq 2 may not be valid at low temperature. Slow spin-lattice relaxation among the triplet sublevels may be expected at low temperature for complexes with ZFS that is smaller than the lattice phonon energies of the host matrix (i.e., on the order of 0.1 cm -1 ).
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[Cu(PNPt Bu)] 2 very likely does have such a small ZFS, as do other metal complexes 48 with k ave in a similar range, because the ZFS and decay rate have a common origin in the spin-orbit coupling interaction.
Theoretical Calculations. The HOMO and LUMO of [Cu(PNPt Bu)] 2 calculated by the DFT method are shown in Figure 6 . The HOMO resides mainly on the four-membered Cu 2 N 2 ring, in agreement with previously reported calculations showing strong covalent interaction and delocalization over the Cu and N atoms of an analogue compound. 30 The LUMO resides almost entirely on the ligand aryl groups that bridge the amido and phosphine groups. The TD-DFT calculations indicate that the firstexcitedsingletandtripletstatesareboth>90%HOMOfLUMO in character. This suggests that the lowest excited states are almost pure charge transfer in nature. This assignment is consistent with the small S 1 energy splitting reported in the preceding section. The TD-DFT calculations also predict a decrease in the Cu-Cu distance from 2.81 Å in the ground state to 2.61 Å in the excited state but a less than 0.05 Å change in the Cu-N bond lengths in the excited state. This relatively small overall molecular distortion in the excited state is consistent with the small Stokes shift observed in the 295 K emission and is also complementary to the previously published X-ray structure comparison that established a similarly small overall molecular structure change upon oxidation of [Cu(PNP- Table 2 . Although TAPC was used as a host for the photophysical studies and other experiments (Vide infra), it was not screened as the sole host in OLEDs because of the barrier to electron injection into the relatively high LUMO level of this dominantly hole-transporting material. For all host materials screened, the doped devices produced new EL bands with much higher efficiency than the corresponding undoped devices. Green electroluminescence was obtained with the host materials CBP, mCP, and TCTA that closely matched the PL spectrum of the [Cu(PNPt Bu)] 2 dopant in the TAPC films. However, broadened and red-shifted EL was obtained with the other host materials. The normalized EL spectra of doped devices for selected hosts are compared in Figure 7a . The λ max and the external quantum efficiencies (EQE) of the EL at 1 mA/cm 2 are listed in Table 3 (54) Hung, L. together with the solution reduction potential for each host. As the host reduction potential becomes less negative than that of CBP, the emission shifts from the green molecular [Cu(PNPt Bu)] 2 emission to the red. These broad emissions have the appearance of exciplex emission. Exciplexes that are charge transfer states between the dopant (donor) and host (acceptor) molecules may be expected when the oxidation potential of the dopant is relatively low (high HOMO level The EQEs varied strongly with the host materials as shown in Table 3 . The efficiency was highest when the [Cu(PNPt Bu)] 2 molecular emission was obtained in the CBP host and was lower when exciplex emission resulted with other hosts. The four examples of exciplexes having λ max shorter than 600 nm each had still fairly high efficiencies, but the efficiency dropped rather suddenly as the λ max became greater than 600 nm. The drop in efficiency with increasing wavelength may in part be a consequence of increased nonradiative decay rates as the gap between the excited state and the ground state decreases (energy gap law).
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A device exhibiting the molecular [Cu(PNPt Bu)] 2 emission with CBP as host in the emissive layer was immersed in liquid nitrogen. Figure 7b shows that, like the PL spectrum of the doped TAPC film, the device EL spectrum also shifted between 295 and 77 K. It should be noted that the drive voltage increased substantially at 77 K, and thus the intensity may be affected by concomitant changes in device physics.
OLEDs with electrical leads attached were mounted in a cryostat inside an X-band (9.12 GHz) microwave cavity for electrically detected electron paramagnetic resonance (EDEPR) experiments. While the g ) 2 region in such experiments on operating OLEDs is swamped by organic radicals and there is little resolution among species, the EDEPR spectra of the triplet species are distinctive. In particular, triplet signals from different species in the half-field region comprising m s ) -1 T m s ) +1 transitions of triplet states may be resolved because of the differences in the ZFS among the materials. Figure 8a shows the EDEPR spectra at 15 K in the half-field region of devices with and without [Cu(PNPt Bu)] 2 dopant in the CBP host. In a prior study, 34 the resonances from the CBP host, the Bphen electron-transport material, and the NPB hole-transport material were identified in the undoped device. In the doped device, the Bphen triplet signal was eliminated, consistent with the holes being trapped by the dopant and prevented from reaching the Bphen layer where some portion of the recombination could otherwise occur. The CBP and NPB triplet signals were also strongly reduced in the doped device, showing that the triplet excitons were strongly partitioned to the dopant. A new signal at 160 mT was observed in the doped device. This signal was observed in doped devices with the TCTA host as well. Moreover, it was also observed when the magnetic resonance was detected optically by the EL. Thus, the new signal is tentatively assigned to the [Cu(PNPt Bu)] 2 dopant. To optimize the molecular [Cu(PNPt Bu)] 2 electroluminescence, numerous device formulations involving CBP as host were fabricated and tested. These formulations included variations in dopant concentration and placement, additional cohosts, and different materials in electron-and hole-transport layers. The highest efficiency was obtained with CBP and TAPC cohosts and a [Cu(PNPt Bu)] 2 concentration of 0.2%, which is remarkably low compared to the 6 to 8% dopant concentrations typical for phosphorescent OLEDs comprising iridium dopants. 32 Figure 9a shows the dependence of the efficiency upon current density for this device. The maximum EQE of 16.1% (47.5 cd/A) was recorded at 0.01 mA/cm 2 . The efficiency decreased with increasing current and reached a value of 10.9% EQE (32 cd/A) at 1 mA/cm 2 . The maximum efficiency of 16.1% may be put in perspective by reference to eq 4, where IQE is the internal quantum efficiency of converting charges passed into photons and Φ opt is the optical outcoupling.
A model based on classical ray optics predicts a maximum possible outcoupling of 22% from these simple bottom-emitting devices supported on glass having an index of refraction of 1.5. 56 Reports of EQE above that limit [12] [13] [14] suggest that either the optical model 57 or the measurements need refinement. Nevertheless, the model and the experimental reports give a range to expect for Φ opt , which leads to an estimated range for IQE of the present device of 55-73%. The upper limit of IQE for a phosphorescent emitter would be 100% assuming that all of the excitons from charge recombination are confined to the emitter and its photoluminescence quantum yield is unity, while the IQE of fluorescent OLEDs would be limited to 25% by consideration of the quantum mechanical degeneracy of singlet and triplet spin states. It has been shown that in some devices the 25% statistical limit for singlet excitons may be exceeded via triplet-triplet annihilation to produce additional singlets (sometimes referred to as P-type delayed fluorescence), but the theoretical limit for this process brings the resultant upper limit for singlet excitons only up to 40%. 58 The present device must therefore be harvesting triplet excitons through the dopant and not just singlets.
As shown in Figure 9a , the maximum efficiency occurred at low current density and decreased with increasing current. This efficiency roll-off behavior was exhibited by all other device formulations with CBP or TCTA as host. To probe the origin of the current-dependent roll-off, devices that transport only holes were doped with [Cu(PNP- No electroluminescence was observed, consistent with devices that transport only holes and in which recombination occurs only at the cathode. However, these devices aided characterization of certain electrical and photophysical properties of the dopant in devices as follows. The device with 1% dopant concentration was subject to ambient light and temperature, and then its cyclic voltammetry was recorded in the dark. In the voltammogram shown in Figure 8b , currents of (0.09 µA represent capacitive charging of the device, but no injection of holes into the organic layers. The onset of hole injection in the first sweep was observed at 1 V. In the reverse sweep, the charges were not retracted, indicating the charges were deeply trapped. In fact, application of a 10 V reverse bias in the dark took many minutes to detrap charges. In successive sweeps, the onset of charge injection shifted to higher voltage as shown in Figure 8b , consistent with the device already containing trapped charges from the preceding scan. In other experiments, exposure of devices already containing trapped charges to various wavelengths from blue to the NIR resulted in a relatively quick return of the voltage for the onset of charge injection to that of the initial sweep, showing that the trapped holes were readily detrapped by photons. The PL of the holes-only devices while current was applied was monitored with an excitation band centered at 450 nm to excite the dopant directly. As shown in Figure 9b , the PL intensity was quenched with increasing hole current. When the current was switched off, the PL intensity returned quickly to its initial level with no applied current, consistent with the photodetrapping observed in the voltammetry experiments. Similar CV and EL-PL results were obtained with holes-only devices based on 4,4′,4′′-tris[(3-methylphenyl)phenylamino]triphenylamine (MTDATA), except the devices based on this lower oxidation potential transport material were found to detrap in the dark on the order of minutes. The quenching of PL observed in the holes-only devices and the efficiency roll-off observed in EL devices with increasing current, as shown in Figure 9a , may be explained in the same manner by quenching of the excited state by holes and/or dissociation of the excited state under the influence of the electric field. The one-electron oxidized complex, [Cu(PNPt Bu)] 2 SbF 6 , was previously isolated, 30 and its absorption spectrum 59 was found to have an extinction of ∼2340 M -1 cm -1 at 515 nm, which is very near to the emission maximum of the neutral [Cu(PNPt Bu)] 2 . Since it was shown that the dopant deeply traps holes, the one-electron oxidation product of the dopant likely makes a significant contribution to the quenching of nearby neutral excited dopant molecules by Förster energy transfer.
Conclusions
The luminescence of [Cu(PNPt Bu)] 2 arises from two excited states:
60 a triplet and a singlet. The singlet state lies approximately 786((11) cm -1 above the triplet. Emission from the singlet dominates at room temperature, but only emission from the triplet is observed at low temperature. The average observed decay rate of the three triplet sublevels was estimated to be 2913((75) s -1 , and the observed decay rate of the singlet was estimated to be 1.27((0.09) × 10 7 s -1 by a fit of an expression for a Boltzmann average decay rate to the temperature dependence of the observed overall decay rates of a doped film. Assuming that the quantum yield in the doped film is the same as that in solution (57%) leads to radiative rate constants of 1.66 × 10 3 s -1 for the triplet and 7.24 × 10 6 s -1 for the singlet.
The distinguishing properties of [Cu(PNPt Bu)] 2 , [Cu(PNP)] 2 , and related mononuclear amidophosphine Cu(I) complexes are the quantum yields in solution, 29, 31 which are higher than those of any other copper(I) complexes or any systems exhibiting E-type delayed fluorescence of which we are aware. There are some reports of Cu(I) complexes having much higher quantum yields in the solid state rather than solution. 61, 62 The Stokes shift at room temperature for [Cu(PNPt Bu)] 2 (∼2070 cm -1 ) is much smaller than those in previously studied Cu(I) phenanthroline complexes, including Cu(dmp) 2+ (∼7390 cm -1 ) 23 and Cu(dmp)(bis(2-(diphenylphosphino)phenyl)ether)
). 26 The relatively small Stokes shift indicates less distortion in the excited state of [Cu(PNPt Bu)] 2 , thereby reducing nonradiative decay pathways and resulting in the high quantum yield. The TD-DFT calculations also predicted little structural change in the excited state. This view of the excited state geometry is complementary to the XAS, 30 X-ray, 29 and EPR 63 studies that indicated little structural change upon oxidation of HOMO that is highly delocalized over the Cu 2 (µ-NAr 2 ) 2 core with a substantial contribution from the N lone pairs. When [Cu(PNPt Bu)] 2 was doped into vapor-deposited OLEDs, broad red-shifted electroluminescence attributed to exciplexes was obtained with many of the materials screened as hosts, whereas green EL was obtained with host materials such as CBP having sufficiently high LUMO levels. The CV of holes-only devices showed that the dopant deeply traps holes, implying that recombination occurs directly on the dopant in EL devices, immediately producing trapped singlet or triplet excitons. The EDEPR of devices with the CBP host further showed that triplet excitons are strongly partitioned to the [Cu(PNPt Bu)] 2 dopant. At low temperature, EL from the triplet state was observed. Although the luminance efficiency at 295 K dropped as the current density increased in these devices, the high efficiency of 16.1% EQE, measured at low current density, confirms the conclusion that the [Cu(PNPt Bu)] 2 devices must not be limited to harvesting only singlet excitons but must also be harvesting triplet excitons. There has been one other report of light-emitting electrochemical cells based on neat films of ionic Cu(I) complexes that also gave up to 16% EQE. 64 Unlike OLEDs, however, such devices are of limited utility because they require times on the order of minutes to fully turn on. Prior reports 61, 62, [65] [66] [67] [68] of OLEDs employing copper(I) complexes, many of which were thought to be delayed fluorescence emitters, gave not more than ∼5% EQE. The present results demonstrate that it is possible to harvest triplet excitons in OLEDs through an E-type delayed fluorescence channel with high efficiency.
